To evaluate coronary flow reserve during cardiac catheterization, intracoronary adenosine and papaverine have been used in the clinical setting. Although papaverine maximizes coronary blood flow, it induces several toxic side effects that reduce its desirability as a coronary dilator. This investigation was designed to compare the subselective intracoronary administration of papaverine with that of adenosine in an animal model. In dogs (n=34), we studied the effects of each agent on hemodynamics, regional myocardial blood flow, contractility (sonomicrometric and echocardiographic), metabolism (coronary arterial and venous lactate and tissue highenergy phosphates), and electrocardiographic (ST and QT intervals) parameters. Barbiturate and morphine anesthesia/analgesia was induced, and a left thoracotomy was performed. An arterial shunt was created from the left carotid artery to the left anterior descending coronary artery. Two separate groups were studied: group 1 (n=16) for regional myocardial blood flow and mechanical function and group 2 (n=18) for biochemical measurements. Adenosine (67±2 ,ug/min) or papaverine (6±1 mg/min) was infused into the coronary shunt at a rate of 0.5+0.1 ml/min for a maximum duration of 3.5 minutes. Regional myocardial blood flows were determined at control (predrug) and maximal coronary flow using radiolabeled microspheres. All hemodynamic, wall motion, biochemical, and electrocardiographic parameters were also measured at these times. Both drugs produced comparable increases in total and regional coronary blood flows (adenosine, 1.21±0.15 to 4.83+±0.36 ml/min/g; papaverine, 1.21± 0.05 to 4.89±0.28 ml/min/g) upon infusion into the left anterior descending coronary artery. Papaverine produced significant (p<0.05) changes in subendocardial ST segment electrocardiogram (-2.5 mm), QT prolongation (8±2%), myocardial creatine phosphate (47% decrease), and coronary sinus serum lactate (277% increase) compared with control. In addition, intracoronary papaverine induced an abnormal contractile pattern. No significant changes in any of these parameters (i.e., ST segment, QT prolongation, myocardial creatine phosphate level, or lactate level) were observed with intracoronary adenosine infusions. We conclude that intracoronary adenosine is comparable to papaverine for maximizing coronary blood flow without the deleterious properties observed with intracoronary papaverine. (Circulation 1991;83:294-303) T he measurement of coronary flow reserve in the cardiac catheterization laboratory is used as a diagnostic measure of the severity of a stenotic lesion. To produce maximal coronary vasodilation, clinicians have used several different pharmacological agents. Ionic contrast agents such as
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Animal Preparation
The animal studies conform to the guiding principles regarding the care and use of animals of the American Physiological Society and the American Heart Association.
Thirty-four adult mongrel dogs (weight, 20-30 kg) were premedicated with morphine sulfate (1 mg/kg s.c.) 30 minutes before being anesthetized with sodium pentobarbital (15 mg/kg) and sodium barbital (100 mg/kg). The animals were immediately intubated and placed on a Harvard Apparatus ventilator (South Natick, Mass.). Arterial blood gases were maintained at Po2 of 100 mm Hg and pH of 7.4+±0.05. Two separate groups were studied: group 1 (n = 16) for regional blood flow and mechanical function and group 2 (n = 18) for biochemical measurements. Catheters were placed in both femoral arteries and veins to obtain samples for blood gas determinations, reference blood flow for radioactive microsphere technique, and administer additional anesthetic as needed. An additional catheter was placed into the left carotid artery for creation of a carotid-to-left anterior descending coronary artery (LAD) shunt. A 5F cannula was placed via the external jugular vein into the great cardiac vein to obtain blood samples for measurement of coronary venous blood gas measurements as well as coronary venous lactate levels during control and drug infusion. A left thoracotomy was performed in the fifth intercostal space, and the heart was suspended in a pericardial sling. A Konigsberg P8 high-fidelity transducer was placed through the apex of the left ventricle for measurement of left ventricular pressure. The first derivation of the left ventricular pressure (dP/dt) was electronically performed using a Hewlett-Packard 8802A medium-gain amplifier.
After heparinization (500 units/kg), the LAD was cannulated above the first diagonal branch using a 12-gauge stainless-steel cannula in series with an electromagnetic flow probe as well as pressure and drug infusion ports. 7 The decrease in pressure through this cannula and tubing system at 100 ml/min of flow was 0.07 mm Hg. Coronary perfusion pressure was measured with a Statham P-50 strain-gauge transducer. Pressure was taken within 2 cm of the end of the cannula tubing from the perfusion line.
Total coronary flow was recorded using a 4-mmi.d. cannulating electromagnetic flow probe (Zepeda Instruments, Seattle, Wash.). The time from ligation of the LAD to reestablishment of flow through the carotid shunt was less than 50 seconds. Coronary reserve (i.e., reactive hyperemic flow) was assessed by complete occlusion of the LAD for 20 seconds followed by rapid reperfusion. All animals with less than a threefold increase in coronary flow over baseline were rejected. This documented the presence of significant coronary reserve and the absence of a flow limitation in the carotid-to-LAD shunt.
Drug Preparation and Administration
Both drugs were dissolved in 5% dextrose and sterile water with pH 5.0+1.0. They were made up in a concentration to be infused at a maximum rate of 0.5+±0.1 ml/min. Adenosine was obtained as the hemisulfate salt from Sigma Chemical Co., St. Louis. Papaverine hydrochloride was obtained in solution from Eli Lilly & Co. Pharmaceuticals, Inc., Indianapolis, Ind. Preliminary dose-response studies were performed with each drug to establish the minimal dose required to produce maximal coronary flow comparable to that obtained from the 20-second coronary occlusion and subsequent reperfusion. As a result, adenosine and papaverine were infused into the LAD at doses of 67±2 ,ug/min and 6±1 mg/min, respectively. Each drug was infused for a maximum of 3.5 minutes.
Microsphere regional blood flow measurements were obtained with both drugs in the same animals with a 15-minute interval between drug administration and subsequent control measurements. The order of drug administrations was alternated. Control (predrug) microsphere blood flows were obtained at baseline flow, whereas drug-induced flows were obtained at peak steady-state flow.
The effects of each drug on the biochemical measurements were determined from biopsy samples from each animal. The biopsies were obtained at baseline and during peak steady-state flow. Wall Motion Measurements: Sonomicrometer Assessment Two 2.5 -mm-diameter piezoelectric sonomicrometer crystals were placed in the subendocardial area perfused by the LAD. An additional pair of crystals was placed in the subendocardium of the left circumflex perfusion bed to be used as the drug-free control zone. The crystals were inserted in a circumferential plane through small stab wounds 8-10 mm deep and 10-15 mm apart into the inner third of the myocardium perpendicular to the long axis of the left ventricle. To localize the perfusion territory for echocardiography during the intracoronary drug infusion, we injected 0.5 ml of sonicated Renografin into the injection port of the carotid-to-LAD shunt.9 To ensure full washout of Renografin, a period of at least 15 minutes was allowed before the infusion of adenosine or papaverine.
Regional Myocardial Blood Flow Measurements
Regional myocardial blood flow was measured in 16 dogs using radionuclide-labeled microspheres (15+±3 gLm; Dupont-New England Nuclear, Boston).
The four separate gamma labels used were cerium-141, chromium-51, ruthenium-103, and niobium-95. Approximately 4-6 x 106 microspheres were injected into the left atrium, and reference blood flows were obtained from a catheter placed in the descending aorta. Reference sampling was initiated 15 seconds before microsphere injection at a rate of 14.8 ml/min and continued for 135 seconds after injection. Control microspheres were given during baseline flows. Drug-induced flow measurements were taken at the peak of the drug response during steady-state flow conditions. On completion of the experiment, the dogs were killed with an overdose of sodium pentobarbital and T-61, a euthanasia solution consisting of embutramide, mebezonium iodide, and tetracaine hydrochloride (Hoechst-Roussel, Somerville, N.J.). The perfusion area was stained with india ink by injection into the perfusion catheter after the heart was arrested. The heart was removed and placed into phosphate-buffered formalin (10% solution) for at least 24 hours. The heart was sliced into 1-cm-thick rings from the apex to the base. The perfusion bed was subdivided into epicardial, midmyocardial, and endocardial sections weighing approximately 1 g each. Flow in the circumflex bed was used as a normal (nondrug) perfusion bed. All tissue samples were weighed and counted in an automated Nal well-gamma counter using a Canberra 35 multichannel analyzer (Packard Instruments, Downers Grove, Ill.) with the windows set to maximize each isotope peak and minimize overlap. Tissue flows were calculated using the method of Heymann et al. 10 
Biochemical Studies
Concomitant arterial and great cardiac vein samples were obtained for the measurement of lactate as well as arterial and venous blood gas differences during control and maximal drug-induced changes.'1 To assess whether the drugs may be producing lactate elevations by releasing lactate from the blood cells, whole blood was incubated with adenosine (50, 75, and 100 jug/ml) and papaverine (2, 6, and 12 mg/ml) in vitro. In an additional 18 dogs (nine animals per drug), myocardial biopsy samples were taken from the nondrug infusion bed and the center of the drug infusion territory during maximal coronary blood flow. The transmural biopsy samples were obtained using a high-speed (34,000 rpm) biopsy drill (4 mm i.d.) as described by Dunn and Griggs.12 The sample was immediately clamped between two 2-in.2 aluminum blocks (precooled to -70°C) and then rapidly immersed in liquid N2. The sample was wrapped in plastic wrap and aluminum foil and then stored at -70°C until assayed for ATP and creatine phosphate. For extraction and assay, the frozen biopsy was pulverized in liquid N2 and weighed on an electrobalance (Mettler Corp., Hightstown, N.J.); the frozen powder was then transferred to a PotterElvehjem tube containing 0.3 M cold (4°C) perchloric acid.'3 After centrifugation at 40C, the clear supernatant was carefully removed and prepared for analysis of ATP and creatine phosphate using high-pressure liquid chromatography according to established procedures. 13, 14 Statistical Analysis Statistical analysis of the results was made using an analysis of variance and a nonpaired t test. Values are given as mean±+SEM unless otherwise noted. Differences between control and maximal drug response were considered significant when the probability value was less than 0.05.
Results
The hemodynamic data during control (predrug) or vehicle (infusion) and at maximum vasodilation in the presence of drug (peak coronary flow) are given in Table 1 . Both agents (adenosine and papaverine) produced a significant increase in coronary blood flow by electromagnetic flow probe of at least 3.3-fold that of baseline values (Figure 1 ). Time to peak onset of maximum flow was similar (68±10 seconds for adenosine and 81±7 seconds for papaverine), as were the total times of infusion duration (203 ±22 and 212±17 seconds, respectively). The time to onset of decline after cessation of infusion was significantly different (14±3 seconds for adenosine and 25±3 seconds for papaverine). Papaverine induced a greater increase in electromagnetic flow probe coronary blood flow; however, this was not significantly greater than the increase observed with adenosine (p = 0.07).
In addition, papaverine induced a significant decrease in diastolic coronary perfusion and arterial diastolic pressures. We also noted a significant effect of papaverine on positive and negative dP/dt. Significant decreases in subendocardial ST segment (-2.5±0.5 mm, p<0.05 versus control) and QT prolongation (8±2%, p<0.05 versus control) were animals, and ventricular fibrillation occurred on one occasion. No adverse electrophysiological changes (e.g., atrioventricular block, ST depression, or QT prolongation) were noted after intracoronary adenosine infusion (see Table 1 ).
Regional Segment Shortening and Echocardiography
The effects of intracoronary adenosine and papaverine on myocardial segment shortening are shown in Figures 2 and 3 , respectively, and in Table 1 . There was no effect of adenosine on the pattern or magnitude of segment shortening. As observed in Figure 3 , the papaverine infusion caused a marked change in the regional segment shortening. This was reflected by a more rapid early segment shortening followed by premature relaxation and a second shortening of smaller magnitude within the same cardiac cycle. This double contraction-relaxation effect was seen in all animals during papaverine infusion. Papaverine also produced a significant change in positive (1,757+70 to 2,270+99, p<0.05) and negative dP/dt (-1,914+75 to -1,264±91, p<0.05) (see Figure 3 and Table 1 ).
Two-dimensional and M-mode echocardiograms were done in a control state as well as during and after adenosine and papaverine infusion. Although adenosine did not change the pattern of contraction compared with the control state (end-diastolic diameter>midsystolic diameter> end-systolic diameter), the difference between the control and the papaverine infusion was quite noticeable. During papaverine infusion, the midsystolic diameter was smaller than the end-systolic diameter (Table 2) . A similar response to papaverine was observed after either an intracoronary infusion (2 and 6 mg/min) or bolus intracoronary injections (2, 3, 6, and 12 mg). 
Myocardial Blood Flow
Neither drug significantly altered the endocardialto-epicardial perfusion ratio compared with control (Table 3 ). Both agents significantly increased transmural perfusion relative to control (Table 3) .
Metabolic Measurements
Both drugs induced a significant increase in coronary sinus Po2 and a decrease in the coronary AVo2 difference compared with control values (Table 4 ). In addition, the increase in coronary sinus Po2 during papaverine infusion was significantly higher than that observed during adenosine infusion. Papaverine also induced a significant increase in coronary venous serum lactate levels (2.4-fold) ( Figure 4 ) and a significant decrease in myocardial creatine phosphate levels (40% of control values) ( Table 4 ) in all of the animals studied. Adenosine produced a small but statistically insignificant increase in coronary venous lactate ( Figure 4 ) and an insignificant decrease in creatine phosphate levels (Table 4) . Neither drug produced any change in the lactate levels measured in whole blood cells incubated in vitro.
Discussion
In the present study, we compared the ability of intracoronary infusion of adenosine with that of papaverine to maximize coronary flow reserve. We also evaluated their effects on several different physiological (e.g., regional blood flow and electrocardiographic alterations) and biochemical (e.g., coronary artery and sinus serum lactate levels and tissue high-energy phosphate levels) parameters in an animal model. The significant decrease in coronary perfusion pressure induced by both drugs is probably due to coronary vasodilation. Intracoronary papaverine produced a greater decrease in coronary perfusion and diastolic blood pressures than adenosine. The greater When taken in conjunction with the electrocardiographic changes, these data are suggestive of an ischemialike situation. Perhaps these changes could be attributed to papaverine's inducing a positive inotropic action (+dP/dt) simultaneous with a reduction in coronary and peripheral diastolic pressures. However, these effects occurred in concert with a more-than-3.5-fold increase in total coronary blood flow as well as a nearly fourfold increase in subendocardial blood flow. Thus, this explanation of papaverine actions on creatine phosphate and coronary venous lactates is still perplexing in light of the blood flow response in a "normal" myocardium.
It is an accepted fact that the normal heart extracts lactate from the blood during nonischemic conditions and will produce lactate in ischemic situations.1617 To eliminate the possibility that the positive venous lactate levels were not due to a papaverine effect on the cellular constituents of the blood, we incubated whole blood with varying concentrations of papaverine. These studies were all negative, and we did not observe any changes in the lactate levels. The data clearly suggest that the myocardium is the principal source for the elevated coronary venous lactate, especially as the coronary arterial lactate levels remained unchanged throughout the infusion period.
The M-mode recording ( Figure 5B ) during intracoronary papaverine infusion was typical of the response observed in all animals. This abnormal contractile pattern (i.e., early ejection and relaxation) made it difficult to determine an accurate ejection fraction and accounts for the unusual recordings from the sonomicrometer. 
